In this study, a comparison of a variety of existing acid treatment methods for zeolite based on their abilities to modify physical properties of the particles is performed. Evaluation of the effects that four different acids have on numerous properties of the zeolites including surface area, pore size, pore volume, thermal stability, IR spectra, crystallinity, and morphology is conducted and compared with the reference untreated zeolite. Furthermore, all five zeolite particles are evaluated for their adsorption properties in column mode experiments. The importance of the examined features is discussed. The results obtained in this work are compared to similar studies to examine which conditions greatly influence the zeolite modifications.
Introduction
Zeolite, both naturally occurring and synthetically produced contains many unique properties. A majority of the naturally occurring material is formed through a combination of oceanic and volcanic processes over long periods of time. Zeolite forms a tetrahedral structure composed of alumina, silica, and other various metal cations [1] . Most of the zeolite composition is dominated by alumina and silica; the metal cations are found in much smaller quantities as they are predominantly found on the zeolite surface. These tetrahedral structures then arrange themselves into a greater network of channels and pores [2] . Several variations of these arrangements give rise to specified zeolite cage types that include; fujaste, sodalite, and type A.
Zeolites versatility as an adsorbent and molecular sieve provide industry with a powerful and environmentally friendly material. Since it contains acid sites and a large network of pores, it is extremely useful as a catalyst, for ion exchange, Journal of Materials Science and Chemical Engineering and the purification of water [3] [4] [5] . Most of the zeolite activity occurs at the cation sites on the surface, and for the greater interest of the water industry, is the location of cation exchange. While naturally occurring, the material provides a cost friendly alternative to the synthetically produced ones; there are many defects and imperfections found in the natural material. For this reason, understanding the characteristics of the surface in addition to the development of methods that further improve these features is crucial. Adsorbent porosity is an extremely important factor in wastewater treatment, because a more porous material indicates that there is greater volume and surface area for toxic pollutants to be adsorbed onto [3] .
One successful method for modification involves the use of acid [6] [7] [8] .
The impact of sulfuric acid treatments among many others has been examined in the past; however further research into additional variants of acid treatment needs to be explored to fully understand the potential of this modification method. Other acids researchers have investigated for zeolite treatment include: hydrochloric acid, nitric acid, acetic acid, just to name a few [9] [10]. Combination of multiple acids such as phosphoric acid with citric acid has also been studied [11] . One challenge was that not many studies that directly compared the impact of different acids and their influence on particle modification. The target of the acid treatment is to remove the aluminum from a natural zeolites aluminosilicate framework in order to create more void spaces (pores) within the material [12] .
From what has already been found, the overall process of acid treating zeolite to enhance specific features has a great deal of complexity [8] . While not much has been reported on the comparison of zeolite type (e.g. clinoptilolite), one could not simply examine results from one type and draw the same conclusions for all other types. Another issue is that one could not explicitly conclude trends based on acid category without extensive testing on a wide range of acids. The process in which the zeolite is treated by acid plays a critical role as well including acid concentration, temperature, and treatment duration [13] . The intent for this paper is not to explain everything about the acid treatment process, but much rather to elucidate a small portion of a bigger picture. This paper seeks to identify acid treatments that substantially modify clinoptilolite in terms of surface area, pore size, and thermal stability. These targeted attributes are emphasized in the interest of developing a material that may be beneficial for applications in water industry.
Materials and Methods
The natural Australian clinoptilolite zeolite (diameter: 0. After the material was cleaned by the removal of loose debris, it was dried in an oven at 100˚C for 24 hours.
All acid treatments discussed in this paper refer to the modification of the dried, sonicated, and microwaved material (clean zeolite). Four different acids were used in this study including: sulfuric (KMG 96% Sulfuric acid), hydrochloric (Hach concentrated ACS grade), nitric (Veritas 69% redistilled), and acetic (Fisher Chemical 99.7% HPLC Grade) acids. 20 g of clean zeolite was refluxed in a three-neck boiling flask with 115 mL of DI water and 10 mL of concentrated acid for 12 hours at approximately 90˚C. The concentrations for hydrochloric, sulfuric, nitric, and acetic acids are 0.97 M, 1.43 M, 1.25 M, and 1.39 M respectively. The apparatus was closed off by a Vigreux column, a thermometer, and aluminum foil to help prevent excessive evaporation of water. After the material was treated for 12 hours it was rinsed with absolute ethanol (Fisher Chemical denatured) and then thoroughly with DI water. Once the rinsing was completed, the material was dried in an oven at 100˚C for 24 hours.
Samples for FTIR analysis were ground into a fine powder before measurements were collected using a Shimadzu IR Tracer 100 with an ATR table. For all other measurements the samples were not ground into a powder. Surface area, pore volume and pore diameter were measured using a Quantachrome Autosorb IQ2 gas sorption analyzer. Samples were degassed at a final temperature of 350˚C for approximately 17 hours and analyzed with nitrogen adsorptive at 77 K. Thermal stability was examined via Differential Thermal Thermogravimetric (DTG) analyzer with a Shimadzu DTG-60 model using dry grade air flow in alumina pans up to a temperature of 600˚C. Samples for X-ray diffraction (XRD) analysis were carried out in a Bruker AXS D8 for 30 minutes from 2θ = 10˚ to 80˚ at 40 kV using a Cu tube (1.5418 Å). The morphology and composition of the zeolite particles were characterized using a Hitachi S-4800 field emission scanning electron microscope (FESEM). Samples were mounted on SEM stubs which were coated with 5 nm of iridium and viewed at an accelerating voltage of 10 kV.
Evaluation of the adsorption properties of the zeolite particles were performed in column mode experiments with a weakly cationic model compound Disperse Blue 26 (DB 26) (Crescent Chemical, ASC12972019). A column setup was utilized and were conducted in glass columns (length = 21 cm and internal diameter = 2 cm). A piece of gauze was placed at the bottom of the column and the zeolite was added to the column to a height of 13 cm. A peristaltic chemical metering pump was connected to the column and used to rinse media with 1 L DI water. 1 ml of 40 mg/L DB 26 solution was used for testing the removal efficiency of absorbents. The pH of the zeolites was adjusted to 7 with 0.1 M NaOH prior to the experiment using a flow rate of 5 ml/min.
Results and Discussion
Gas sorption analysis was used to determine the extent in which the physical surficial features of the clean zeolite were modified by various acid treatments. Journal of Materials Science and Chemical Engineering As shown in Figure 1 , the surface areas, pore volumes, and pore diameters of the materials provide the most useful insight into the features desired for the surface of the material. The hydrochloric acid treated sample showed the highest surface area at 276.5 m 2 ·g −1 followed by nitric, sulfuric, and acetic acid treated samples respectively. The acetic acid sample shows an even lower surface area than the untreated material, showing that nothing really changed in terms of ace area. All the acid treatments slightly reduce the pore volume, which nitric acid had the greatest impact although sulfuric acid made almost no impact to the pore volume. Pore sizes for hydrochloric, nitric, and sulfuric acid treatments were moderately reduced by approximately 10 -13 Å, however acetic acid shows a dramatic increase with 92.464 Å.
These results show similar trends to other findings [14] [15]. The surface area of untreated clinoptilolite in one study was identical to the surface area of our untreated clinoptilolite [16] . The adsorption isotherms also show typical curves associated with these types of materials [17] .
In the same study the effects of acid treatment with hydrochloric acid was examined yielding a significantly lower surface area. This is most likely attri- . The Si-O peak is more intensified than the untreated material for all the strong acids.
desirable as it is associated with higher polarity and hydrophobicity, which in turn provides enhanced adsorption capabilities [2] .
DTG was examined to determine the thermal stability of the samples after treatment with acid. The most stable samples within the temperature range examined were the clean zeolite and the acetic acid treated sample as shown in Figure 3 . Out of the samples that made a significant impact on the zeolites surface area, the hydrochloric acid treated sample showed slightly higher stability at 600˚C losing only 9.9% of its mass. However, there is essentially no significant change in the thermal stability of the acid treated zeolites and the untreated zeolite. The percentage of mass lost is mostly attributed to the loss of water from the pores at lower temperatures. These results are in close agreement with other findings in both the mass lost and the DTG curves [22] [23] [24] showing that the material retains its thermal stability after acid treatment.
XRD data was obtained to gain more insight to the structure of the zeolite. The data in Figure 4 show a slight shift at approximately 2θ = 26.5˚ towards smaller values for the acid treated samples and is characteristic for quartz and peaks at 22.3˚ and 30˚, which is characteristic of clinoptilolite [25] . Results showed that characteristic peak intensities of the clinoptilolite were almost same compared to the untreated zeolite after acetic acid treatment, indicating that crystal structure of zeolite remained stable. On the other hand, hydrochloric acid, sulfuric acid and nitric acid had higher impact on the crystallinity of the zeolites, from higher impact to lower impact, respectively. It is well known that adsorption is related to surface area and surface chemistry. It is expected that higher crystallinity lowers the porosity and surface area, leading to a surface with less defects, less energetic sites and lower adsorption properties. The peak intensity decreases at 22.5˚ likely attributed to lamellar distortion causing partial Journal of Materials Science and Chemical Engineering decomposition of the structure while the shifting is associated with a decrease in the interlayer region due to metals removed after acid leaching [26] . On the other hand, a significant change was observed in the quartz, mostly for hydrochloric Journal of Materials Science and Chemical Engineering acid, but also for sulfuric and nitric acid. This is expected as certain acids, like hydrochloric acid, which is widely known by its purification properties of quartz.
Images acquired from SEM in Figure 5 provide information about the surface morphology of the particles. The results indicate that there was no significant modification to the clean zeolite using the glacial acetic acid, however sulfuric, nitric, and hydrochloric acids show substantial surface modification. All the samples were able to retain most of their thermal stability with minimal reduction of mass loss at higher temperatures around 600˚C. Other studies as previously mentioned also show that other weak acids have a minimal effect on the material as well [14] . The mechanism for dealumination of zeolite using a strong acid has been studied and explained to be primarily due to electrostatic interactions, but also include dispersion forces throughout the reaction [8] . The negligible impact of the weak acids may indicate a preferable acid type for zeolite tailoring. However, it is not within the capability of this study to explain the influence of acid strength on zeolite modification based solely on five acids. In order to make any assumptions about this, not only would all the strong acids need to be tested, but a substantial number of weak acids over a greater range of pKa values. Further investigation into other weak acids would need to be performed in order to confirm this assumption as well as additional investigation into the mechanisms for which weak acids make any notable modifications. Examining other various types of zeolite to correlate any preference of this acid treatment to a specific type would also provide useful information.
The shape of the breakthrough curves evolved systematically over the period that the DB26 pack was diffusing. Both untreated zeolite and acetic treated particle became more peaked at pore volume (PV) 5, whereas hydrochloric, sulfuric and nitric acid treated particles became more peaked at PV 4 and had fewer tailing effects as the dye pack thinned (Figure 6(A) ). Removal efficiency experiments ( Figure 6(B) ) indicated that the sulfuric acid treated sample achieved the best removal of DB 26 (57.27%), nearly three times higher than the untreated zeolite (19.06%). On the other hand, acetic acid treated sample yielded the lowest removal (17.76%). The nitric acid treated zeolite and hydrochloric acid treated zeolite show little improvementin adsorption capacity when compared with the clean zeolite (19.46% and 22.48%, respectively). Even though hydrochloric acid treated particles have higher surface area, they also have higher crystallinity which could explain reduced adsorption properties when compared to sulfuric acid treated particles. This however only explains adsorption characteristics of the particles for weakly cationic model compound DB26 at neutral pH values. In order to fully understand the materials adsorption capabilities, further testing would need to be done adjusting some of these parameters.
Conclusion
Our data indicate that hydrochloric acid has the greatest impact on the modifi-Journal of Materials Science and Chemical Engineering cation of the material in terms of surface area, pore size, and chemical surface composition. Both nitric and sulfuric acids also made a significant contribution to the zeolite's modification; however glacial acetic acid made practically no change to the samples' surface, further confirmed by XRD and SEM. On the other hand, the adsorption behavior of sulfuric acid treated particles is superior when compared to the other particles for removal of a model compound DB26 in a column-based experiment, reaching nearly three times higher removal than the untreated zeolite, as well as the other acid treated particles. Comparing our results with what others have found in previous studies it suggests that experimental conditions such as temperature, acid concentration, and length of zeolite treatment play an important role to the extent in which the material is modified. The data from FTIR suggest that the hydrochloric acid treatment was able to increase the Si/Al ratio which is associated with higher hydrophobicity and polarity. Further evaluation would be needed to confirm increased hydrophobicity and polarity of the zeolite, which in this case is desirable because of its association with higher adsorption. The ability of tailoring natural zeolites via acid treatments to acquire specific adsorption properties facilitates the adaptability of these particles for broader applications in fields like industrial air or water filtration and catalysis.
